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ABSTRACT
This study examines the evolution of soil moisture, evapotranspiration, vegetation, and atmospheric con-
ditions during an unusual flash drought–flash recovery sequence that occurred across the south-centralUnited
States during 2015. This event was characterized by a period of rapid drought intensification (flash drought)
during late summer that was terminated by heavy rainfall at the end of October that eliminated the extreme
drought conditions over a 2-week period (flash recovery). A detailed analysis was performed using time series
of environmental variables derived frommeteorological, remote sensing, and land surface modeling datasets.
Though the analysis revealed a similar progression of cascading effects in each region, characteristics of the
flash drought such as its onset time, rate of intensification, and vegetation impacts differed between regions
due to variations in the antecedent conditions and the atmospheric anomalies during its growth. Overall, flash
drought signals initially appeared in the near-surface soil moisture, followed closely by reductions in
evapotranspiration. Total column soil moisture deficits took longer to develop, especially in the western part
of the region where heavy rainfall during the spring and early summer led to large moisture surpluses. Large
differences were noted in how land surface models in the North American Land Data Assimilation System
depicted soil moisture evolution during the flash drought; however, the models were more similar in their
assessment of conditions during the flash recovery period. This study illustrates the need to use multiple
datasets to track the evolution and impacts of rapidly evolving flash drought and flash recovery events.
1. Introduction
The 2015 growing season across the south-central
United States was characterized by an unusual se-
quence of events that saw parts of the region flip from
extreme drought conditions to a pluvial during the spring,
followed by a rapidly intensifying flash drought (Otkin
et al. 2018a) during the latter half of summer, and then
an abrupt termination of drought conditions near the
end of October. At the beginning of April, the U.S.
Drought Monitor (USDM; Svoboda et al. 2002) de-
picted severe-to-exceptional drought within a broad
area extending from the Texas panhandle and western
Oklahoma southward across most of central Texas.
The extreme drought conditions at that time primar-
ily represented the impact of long-term precipitation
deficits accumulated during the previous 4 years. The
situation, however, rapidly improved during the spring
due to an extended period of exceptionally heavy
rainfall that completely eradicated drought conditions,
as depicted by the USDM, by the end of May. This
pluvial was so extensive that statewide precipitation
records were set for both Texas and Oklahoma during
May (NOAA 2016).
Conditions remained very moist across the south-
central United States during the first part of summer;
however, a period of below normal rainfall and elevated
evaporative demand commenced in July and persisted
in many regions until the middle of October. The rapid
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onset of the unusually hot and dry weather conditions
allowed drought to quickly develop across eastern Texas
and Louisiana during the latter half of July. Drought
conditions then rapidly expanded to cover the entire
region from central Texas to Mississippi, with many
locations that were drought-free at the end of July be-
ing characterized by extreme or even exceptional drought
conditions only 2–3 months later according to the
USDM. The rapid drought development across central
and eastern Texas was especially noteworthy because
widespread flooding had occurred across that region
only 2 months prior to the onset of drought condi-
tions. This rapid transition to drought is consistent with
the flash drought definition presented by Otkin et al.
(2018a) that identifies flash droughts based on their
unusually rapid intensification. As drought conditions
intensified, decreased soil moisture severely impacted
agricultural production across the region (USDA
2015a). Wildfire activity was also enhanced (NOAA
2015) because the heavy rainfall during the spring pro-
moted extensive plant growth that then provided
abundant fuel sources for fires once conditions became
drier (Scasta et al. 2016).
After exhibiting nearly continuous development
over a 3-month period, the flash drought abruptly
ended during the last week of October due to heavy
rainfall across the entire region. The copious pre-
cipitation resulted from the interaction between a
stalled frontal boundary in the lower troposphere
and abundant tropical moisture streaming northward
from Hurricane Patricia which, prior to making land-
fall in southern Mexico, had been the strongest hurri-
cane on record in the western hemisphere (Rogers
et al. 2017). Additional heavy rainfall during the fol-
lowing week meant that drought conditions were eradi-
cated from most of the region less than 2 weeks after
they had reached extreme to exceptional intensity ac-
cording to the USDM. This represents the second ex-
ample of ‘‘flash recovery’’ across this region during
2015 (the previous example occurring in the spring)
whereby extreme drought conditions were rapidly
eliminated over a short time period due to very heavy
precipitation. The ‘‘flash recovery’’ terminology in-
troduced here is complementary to ‘‘flash drought’’
because they both refer to very rapid (but opposite)
changes in drought conditions. The rapid oscilla-
tions between wet and dry extremes during 2015 were
notable both for their large spatial extent and mag-
nitude and for their rapid development over sub-
seasonal time scales. Indeed, a remarkable aspect
of 2015, from a climate perspective, is that Texas and
Oklahoma each recorded their wettest calendar years
on record (NOAA 2015) despite large areas of both
states experiencing severe drought conditions on more
than one occasion.
In this paper, we will examine the evolution of the
soil moisture and vegetation health conditions as the
region rapidly transitioned from the springtime pluvial
into flash drought during the latter half of the growing
season and then emerged free of drought after the flash
recovery at the end of October. This will be accom-
plished using high-resolution estimates of soil moisture
and vegetation health obtained using satellite-based
retrievals and sophisticated land surface models. The
evolution of vegetation indicators depicting evapo-
transpiration (ET) and leaf area index (LAI) will be
compared to soil moisture estimates from the North
American Land Data Assimilation System (NLDAS;
Xia et al. 2012a,b) and to observed precipitation and
near-surface atmospheric conditions. The analysis will
examine the congruence between the datasets as drought
conditions intensified and then rapidly abated, while also
assessing differences in timing as the drought impacts
cascaded from one variable to another. The datasets
and methodology are described in section 2. The evo-
lution of the flash drought and flash recovery events is
examined in section 3, with conclusions and a discus-
sion presented in section 4.
2. Data and methodology
a. U.S. Drought Monitor
A USDM drought analysis is generated each week
through expert synthesis of various data sources
(Svoboda et al. 2002). Given the wide range of potential
drought impacts, numerous drought indicators are used
when creating the weekly analyses. These typically in-
clude precipitation, soil moisture, surface streamflow,
reservoir levels, and snowpack. In recent years, other
metrics depicting anomalies in evaporative demand,
ET, and vegetation health have also become better in-
tegrated into the USDMdrought analysis process due to
more accurate observations and satellite retrieval algo-
rithms. Qualitative sources such as drought impact and
crop condition reports provide additional guidance
when delineating areas affected by drought and de-
termining drought severity. The USDM analyses depict
abnormally dry conditions (D0), and four drought cat-
egories including moderate (D1), severe (D2), extreme
(D3), and exceptional (D4) drought.
b. Meteorological variables
Near surface atmospheric conditions were evalu-
ated using Climate Forecasting System Reanalysis
data available every 6 h on an ;38-km resolution grid
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(Saha et al. 2010). Standardized anomalies were com-
puted for 2-m temperature (T2M), 2-m dewpoint de-
pression (DPD), downwelling shortwave radiation
(DSW), and 10-m wind speed (WSPD) averaged over
2- and 4-week periods and updated weekly using data
from 1979 to 2017. These variables were chosen because
they are important drivers of evaporative demand
(Otkin et al. 2013; Hobbins et al. 2016; McEvoy et al.
2016; Hobbins 2016). An alternative would be to assess
changes in evaporative demand itself; however, addi-
tional insight regarding seasonal and regional differ-
ences can be gained by examining these variables
individually. Daily gridded precipitation analyses with
0.258 resolution were also obtained from the Climate
Prediction Center precipitation analysis (Higgins et al.
2000) and summed to create 4-, 8-, and 12-week accu-
mulated precipitation. Standardized precipitation in-
dex (SPI; McKee et al. 1993) anomalies were then
computed at weekly intervals using data from 1948 to
2017. Together, the SPI and near surface atmospheric
anomalies provide greater context for the evolution of
this event.
c. North American Land Data Assimilation System
Topsoil (TS; 0–10 cm) and total column (TC; 0–2m)
soil moisture conditions were evaluated using 0.1258
resolution output from the Noah (Ek et al. 2003;
Barlage et al. 2010; Wei et al. 2013), Mosaic (Koster and
Suarez 1996), and Variable Infiltration Capacity (VIC;
Liang et al. 1996) land surface models included in the
NLDAS-2 (Xia et al. 2012a,b). Hourly data for each
model and the ensemble mean (hereafter referred to
as NMV) in the TS and TC layers were averaged over
2- and 4-week time periods, with standardized anoma-
lies computed at weekly intervals using data from 1979
to 2017. Each model uses a set of energy and water
balance equations to simulate the evolution of soil
moisture and temperature in multiple layers of the soil
profile. Though each model uses the same precipitation
and atmospheric forcing datasets, their response to this
forcing can differ due to the use of different vegetation
and soil datasets and different approximations for
key processes such as drainage, evaporation, and vege-
tation rooting depth. The soil moisture response of each
land surface model during the flash drought and flash
recovery will be compared to the ensemble mean soil
moisture anomalies and to the other drought indicators
to determine which models most accurately represented
the evolution of these events.
d. Soil Moisture Active Passive
Additional information about near-surface (0–5 cm)
soil moisture content across the study domain is
obtained using soil moisture retrievals from the Soil
Moisture Active Passive (SMAP) sensor that was
launched in early 2015. SMAP was originally designed
to measure soil moisture and the freeze/thaw state
globally with high spatial resolution (10km) using an
L-band passive radiometer (1.4GHz) and an L-band
active radar (1.26GHz); however, the radar stopped
transmitting data on 7 July 2015. As such, this study uses
the coarser-resolution radiometer-based soil moisture
retrieval product that is available globally each day with
0.258 resolution (Entekhabi et al. 2014). In particular,
we use the SMAP level 3 daily soil moisture dataset
available from the NASA Distributed Active Archive
Center. Several verification studies have shown that
the SMAP soil moisture product exceeds its expected
accuracy and provides useful near-surface soil moisture
estimates for a variety of surface types (Chan et al. 2016;
Chen et al. 2017; Colliander et al. 2017; Burgin et al.
2017; Ray et al. 2017). SMAP soil moisture retrievals
were averaged over 2-week periods, and then stan-
dardized anomalies were computed at weekly intervals
using data from 2015 to 2017. Note that the very short
period of record for SMAP compared to the other var-
iables used in this study means that the magnitudes of
the anomalies are not strictly comparable.
e. Evaporative stress index
Vegetation moisture stress is assessed using the
evaporative stress index (ESI; Anderson et al. 2007a, b)
that depicts standardized anomalies in a reference ET
fraction. With the ESI, the reference ET is computed
using a Penman–Monteith formulation (Allen et al.
1998) whereas the actual ET is estimated using satel-
lite data and the Atmosphere–Land Exchange Inverse
(ALEXI; Anderson et al. 1997, 2011)model. ALEXI is a
two-source energy balance model that computes the
latent, sensible, and ground heat fluxes for vegetated
and bare soil components of the land surface using the
observed rise in land surface temperature during the
morning (Norman et al. 1995). Satellite thermal in-
frared imagery is used to retrieve the land surface tem-
peratures. Closure of the energy balance equations
is achieved using the McNaughton and Spriggs (1986)
atmospheric boundary layer growth model. Because
satellite-based ET estimates can only be computed for
clear pixels, daily clear-sky ET fraction analyses are
composited over multiweek time periods to achieve
more complete domain coverage. For this study, the ESI
was computed using 2-, 4-, and 8-week compositing pe-
riods to assess moisture stress over both short and long
time scales (Otkin et al. 2013). ALEXI is run daily over
the contiguous United States, with the ESI computed at
weekly intervals during this study using data from 2001
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to 2017. The high spatial resolution (4 km) of the ESI
makes it very useful for monitoring vegetation stress
and estimating crop yields (Otkin et al. 2016; Anderson
et al. 2016a,b). Readers are referred to Anderson et al.
(2007a,b, 2013) for a more detailed description of
the ESI.
f. Vegetation biomass
The impact of the anomalous weather and soil mois-
ture conditions on vegetation biomass is examined using
the LAI product derived from Moderate Resolution
Imaging Spectroradiometer (MODIS) observations. In
particular, the study uses the MOD15A2H product,
which is available as 8-day composites with 500-m spa-
tial resolution. LAI is a dimensionless measure of the
green leaf area per unit ground area. The reader is re-
ferred to Myneni et al. (2002) for more information
about the MODIS LAI product. For this study, stan-
dardized LAI anomalies over a 2-week compositing
period were computed at weekly intervals using data
from 2001 to 2017.
3. Results
a. Large-scale drought analysis
This section examines the overall evolution of condi-
tions across the south-central United States from the
onset of the flash drought duringmidsummer through its
rapid termination at the end of October. Figure 1 shows
the progression of the USDM, ESI, SPI, NMV_TS,
NMV_TC, SMAP, and T2M datasets at 4-week in-
tervals from 30 June to 17 November 2015. Note that
the SPI anomalies were computed using an 8-week
accumulation period, whereas the remaining vari-
ables either represent instantaneous conditions (e.g.,
USDM) or were computed using data averaged over a
4-week period. A longer 8-week period was used
to compute the SPI because vegetation and deeper
soil moisture tend to respond to precipitation depar-
tures occurring over longer time periods (Anderson
et al. 2011).
On 30 June, near normal conditions prevailed across
most of the south-central United States, with abnor-
mally dry conditions confined to a few small areas
according to the USDM. The good conditions had de-
veloped primarily in response to the exceptionally heavy
rainfall that occurred across the region during May and
June. This is reflected by the very large positive 8-week
SPI anomalies extending from Texas northeastward
across southern Oklahoma and western Arkansas, as
well as the generally positive SPI across the rest of
the region. The abundant precipitation promoted the
growth of very healthy vegetation as depicted by the
positive ESI anomalies across most of the region. The
ESI anomalies were largest over Texas where the T2M
was also cooler than normal. The positive NMV_TC
soil moisture anomalies indicate that the heavy spring
rainfall had fully recharged the subsoil moisture content
and terminated the hydrological drought in most loca-
tions. Likewise, the NMV_TS and SMAP anomalies
were mostly positive; however, they were smaller for
these near-surface soil moisture variables than they
were for the TC soil moisture.
Drought conditions began to intensify during the next
4 weeks in a large area extending from eastern Texas to
Mississippi. By 25 August, some parts of the region had
experienced a two-category increase in drought severity
during the previous 4 weeks according to the USDM.
Temperatures had been close to normal except for along
the Gulf Coast; however, there was very little rainfall,
which led to large negative SPI anomalies from southern
Texas to Mississippi. The area characterized by large
negative NMV_TS and SMAP soil moisture anomalies
continued to expand and roughly aligned with areas con-
taining large rainfall deficits. Large negative NMV_TC
soil moisture anomalies had started to develop across
the lower Mississippi River valley, whereas the pre-
viously large positive soil moisture anomalies across
Texas had started to diminish, but remained above
normal in most locations. By this time, substantial
vegetation stress had also developed across the core
drought region as indicated by the large negative ESI.
The westward expansion of moderate and severe
drought conditions in the USDM into central Texas
was primarily due to the onset of large short-term
precipitation deficits; however, the neutral to positive
ESI and NMV_TC anomalies suggest that the expan-
sion was too large because vegetation and TC soil
moisture impacts were confined to areas farther to the
east. However, short-term dryness in the TS was be-
coming more evident across central and western Texas
based on the SMAP and NMV_TS datasets.
The flash drought continued to intensify during the
next 4 weeks in a large region extending from central
Texas to Mississippi. Several areas that were drought-
free 8 weeks earlier were now classified as having ex-
treme (D3) drought by the USDM on 22 September.
For these isolated areas, this represents a four-category
increase in drought severity over an 8-week period,
which is an exceptionally rapid rate of intensification
based on the USDM climatology (see Fig. 3 in Otkin
et al. 2014). The rapid agricultural and ecological
drought development was driven by very large pre-
cipitation deficits (meteorological drought) and above
average evaporative demand during the preceding
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2 months. The largest negative ESI anomalies were
now confined to Louisiana and Mississippi where the
largest NMV_TC soil moisture anomalies were lo-
cated. Normal to below normal ESI anomalies; how-
ever, extended all the way to western Texas where
large precipitation and TS moisture deficits had de-
veloped. The negative ESI anomalies were especially
large in the rolling plains of west Texas where vegeta-
tion stress was higher due to large negative SPI anom-
alies and well above normal temperatures. The SMAP
anomalies also depict widespread dryness across the
region with the exception of eastern Oklahoma and
western Arkansas where more substantial precipitation
had recently occurred.
By 20 October, drought conditions had reached
their maximum intensity. Severe (D2) to extreme (D3)
drought covered an extensive region, including several
locations in Texas and Louisiana that were now classi-
fied as being in exceptional (D4) drought. The rapid
expansion of severe drought across the region was
driven by a third consecutive month of well below nor-
mal precipitation compounded by the effects of above
FIG. 1. Evolution of the USDM drought depiction, along with 4-week ESI (ESI_4WK), 8-week SPI (SPI_8WK), modeled 4-week TS
and TC soil moisture (NMV_TS_4WK and NMV_TC_4WK, respectively), 4-week SMAP (SMAP_4WK) soil moisture retrievals, and
4-week T2M (T2M_4WK) anomalies shown from 30 Jun to 17 Nov 2015.
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normal temperatures. The longevity and magnitude
of the dryness were impressive with places such as
Monroe, Louisiana having their driest July–September
on record. In addition, a period of extreme heat ac-
companied by low humidity and strong winds during
the middle of October hastened drought development
across the region. By 19 October, the U.S. Department
of Agriculture reported that the TS moisture was rated
as short or very short in more than 80% of Arkansas,
Louisiana, and Mississippi and that crop and pasture
conditions had deteriorated greatly across most of
the south-central United States (USDA 2015b). In-
spection of the ESI, SPI, and NMV_TS anomalies
show that very dry conditions had become entrenched
across an extensive area. Even the NMV_TC dataset
had become strongly negative over a large region
centered on Louisiana and Arkansas, indicating that
the short-term dryness of previous months had pro-
gressed into a longer-term hydrological drought. The
geographic scale and intensification rate of the flash
drought were very impressive as signified by the ex-
tensive region that was free of drought conditions on
28 July that had descended into extreme-to-exceptional
drought only 12 weeks later. The unusually rapid in-
tensification sustained over an extended period of time
is consistent with the flash drought definition presented
in Otkin et al. (2018a).
After experiencing nearly 3 months of unrelenting
drought intensification, the flash drought abruptly
ended during the last week of October and first week
of November when very heavy rainfall fell across most
of the region. The precipitation was so heavy that the
8-week SPI anomalies flipped from strongly negative to
strongly positive in a broad region extending from
Texas to Mississippi over only a 1–2-week period (not
shown). A similar transition occurred in all of the
variables across this region. Indeed, the sudden tran-
sition from negative to positive anomalies during this
flash recovery event was stunning in both its geo-
graphical extent and magnitude. This was the second
instance during 2015 where a large area of extreme
drought was rapidly eliminated due to very heavy
rainfall. The only exceptions to the much-improved
conditions occurred in small areas along the northern
periphery of the drought area where recent precipita-
tion totals were insufficient to eliminate the long-term
deficits. Even so, the return to mostly neutral to posi-
tive anomalies in all datasets except for NMV_TC in-
dicates that conditions had improved across these areas
as well. Overall, the story by the middle of November
is one of drastic improvement compared to several
weeks earlier when flash drought conditions were en-
trenched across the region.
b. Regional drought analysis
In this section, we more closely examine the evolution
of the flash drought–flash recovery sequence for several
locations in the south-central United States that ex-
hibited different drought onset times, drought intensi-
fication rates, and maximum severity. These regions are
shown in Fig. 2. For each region, the data will be shown
at weekly intervals using the visualization tool shown in
Fig. 3, which is a concise method to display information
from multiple variables and time periods on a single
image. Unlike the previous section, the time series show
anomalies computed over various time scales and for
each individual NLDAS model to provide greater in-
sight into the drought evolution and the ability of the
land surface models to simulate soil moisture charac-
teristics during this event. Each data point on a given
figure represents the spatial average for a given variable
and week for a particular region. The USDM drought
analysis is shown in the first column, with 2-week stan-
dardized anomalies in T2M, DPD, WSPD, and DSW
shown in the next four columns. Note that the color bar
is reversed for each of these near-surface atmospheric
variables so that positive anomalies indicative of en-
hanced drying are shown in red and brown colors to be
consistent with the other datasets. ESI anomalies com-
puted over 2-, 4-, and 8-week periods are displayed
next, followed by SPI anomalies computed over 4- and
12-week periods, and LAI anomalies computed over a
2-week period. Finally, the last 17 columns show 2-week
SMAP anomalies, followed by TS and TC soil moisture
anomalies computed over 2- and 4-week periods for the
Noah, Mosaic, and VIC models, and for their ensemble
mean (NMV).
1) LOWER MISSISSIPPI RIVER VALLEY
Figure 3 shows the drought evolution for portions
of the lower Mississippi River valley including far
FIG. 2. Map showing the locations of the three regions examined in
section 3.
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southeastern Arkansas, northeastern Louisiana, and a
large portion of western and centralMississippi, denoted
as Region 1 in Fig. 2. At the beginning of May, condi-
tions were generally near normal except for larger
negative anomalies in the LAI and SMAP datasets.
Most of the datasets indicate that the soil moisture and
vegetation conditions began to improve during the latter
half of May in response to the onset of above normal
precipitation and the continuation of good growing
conditions. The positive ESI during June indicates that
the vegetation was responding favorably to the abun-
dant soil moisture. The negative anomalies in the SMAP
data during June are an outlier and likely represent
limitations due to its small period of record.
By the middle of July, however, conditions began to
rapidly deteriorate due to the onset of very hot, windy,
and sunny weather. The elevated evaporative demand
combined with below normal rainfall led to a rapid re-
versal from positive to negative TS moisture anomalies
during the fourth week of July, followed 1 week later
by rapid decreases in the 2-week ESI. The reversal in
TS moisture preceded the initial appearance of nega-
tive 4-week SPI anomalies by 1 week due to the influ-
ence of the very high evaporative demand on the TS
moisture. The TC soil moisture content also exhibited
a rapid decrease near the beginning of August, but
with slower response than the TS moisture given the
deeper soil column represented in this variable. Even so,
FIG. 3. Drought evolution across Region 1, including northeastern Louisiana, far southeastern Arkansas, and
western and central Mississippi, during 2015. The USDM drought analysis is shown in column 1, with 2-week
anomalies in T2M,DPD,WSPD, andDSW shown in columns 2–5. ESI anomalies computed over 2-, 4-, and 8-week
periods are displayed in columns 6–8, followed by 4- and 12-week SPI anomalies in columns 9–10 and 2-week LAI
anomalies in column 11. Column 12 shows the 2-week SMAP soil moisture anomalies, followed by the topsoil and
total column soil moisture anomalies for 2- and 4-week periods for the NMV ensemble average and for the Noah,
Mosaic, and VIC models, respectively, in columns 13–28. The color bar used to plot a given dataset is shown below
each column. Each data point represents the spatial average for a given variable and week across this region.
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standardized change anomalies (not shown) indicate
that the changes in TC soil moisture were much larger
than usual. Large decreases, such as these, over short
time periods have been shown to be an indicator of flash
drought (Otkin et al. 2014, 2015). It is interesting to note
that though all of the NLDAS models had similar soil
moisture anomalies at the start of the rapid drying pe-
riod, the VIC and Noah models depicted much more
rapid drying thanMosaic and also exhibited much larger
negative anomalies. Overall, the larger soil moisture
anomalies in the Noah and VIC models are more con-
sistent with the large atmospheric and 4-week SPI
anomalies, all of which would be expected to lead to a
rapid drawdown in soil moisture.
The high temperatures starting near the middle of
July impacted the vegetation as evidenced by a rapid
transition to negative ESI values over a 4-week period.
In contrast, anomalies in remotely sensed LAI remained
positive until the beginning of September, likely due to
the lasting impact of the extensive vegetation growth
during the first half of summer. Throughout the summer,
however, the LAI anomalies were slowly decreasing due
to the prolonged vegetation stress and its impact on
biomass production. Compared to near-surface soil
moisture datasets, the slower response of the ESI shows
that the vegetation was accessing subsoil moisture that
was still plentiful during the initial stages of the drought.
Indeed, the 8-week ESI closely tracks the evolution of
the TC soil moisture whereas the 2-week ESI, which
responds more quickly to changing conditions, is a
merger of the TS and TC soil moisture signals. Re-
gardless, the rapid decreases in most variables indicate
that a flash drought had started to develop by the end of
July. The USDM introduced abnormally dry conditions
(D0) by the second week of August and thenmaintained
those conditions until the end of August. This depiction
may have been too favorable based on the various short-
term indicators examined here that showed much more
severe moisture stress.
After someminor improvements during the latter part
of August and beginning of September, extremely dry
weather returned to the region, which culminated in
12-week SPI anomalies,22.0 by the end of September
that persisted for the next 4 weeks. This was a period of
rapid drought intensification according to the USDM,
with the drought designation increasing by three cate-
gories over a 7-week period. This degradation largely
tracked a concomitant decrease in the TC soil moisture
and long-term SPI anomalies. Looking back over the
previous 3 months, it was the intense heat and very dry
conditions over the 5-week period frommid-July tomid-
August that initiated the flash drought event, and it was
the continuation of elevated evaporative demand and
below normal rainfall that promoted its further devel-
opment over the next 2 months. The persistently nega-
tive DPD anomalies throughout this time period,
including spikes in the DPD at the beginning of August
and the middle of October when temperature extremes
were especially large, illustrates that drought was hav-
ing a large impact on surface moisture availability.
Several recent studies byMcEvoy et al. (2016), Ford and
Labosier (2017), and Otkin et al. (2018b) have shown
that larger than normal vapor pressure deficits often
occur during flash drought events.
The drought conditions were finally broken at the end
of October due to the return of much above normal
precipitation as signified by the rapid reversal from large
negative to positive SPI anomalies. According to the
USDM, the extreme drought conditions were elimi-
nated in only 2 weeks, with abnormal dryness removed
during the following week. Given its sensitivity to the
top few centimeters of the soil profile, the SMAP data
were the first soil moisture dataset to indicate improving
conditions, followed closely by the modeled soil mois-
ture content in the TS and then the TC. It is interesting
to note that the responses of all of the NLDAS models
during the flash recovery period were very similar for
both TS and TC despite having very different depictions
during the preceding flash drought. Further work will
be necessary to identify reasons for these differences
because they are very important from a drought moni-
toring perspective. Finally, the vegetation datasets (ESI
and LAI) showed improvement by the second week of
November as the plants were able to slowly recover
from the drought conditions of the preceding months.
This delayed response of the vegetation to improving
weather and soil moisture conditions at the end of the
flash droughtwas also noted during the 2012 flash drought
across the central United States (Otkin et al. 2016).
2) EASTERN TEXAS AND WESTERN LOUISIANA
In this section, the drought evolution across eastern
Texas, western Louisiana, and extreme southwestern
Arkansas (Region 2 in Fig. 2) is examined (Fig. 4).
Overall, this region experienced a similar drought evo-
lution to those areas further to the east; however, im-
portant differences exist. For example, this region
received much heavier precipitation during the spring
and early summer that led to very large (.1.5) 12-week
SPI anomalies. Temperatures were also cooler than
normal through the middle of July with the large posi-
tive DPD anomalies indicating that conditions were
very moist for that time of the year. The ESI and LAI
both indicate that the vegetation was very healthy due
to the abundant soil moisture and favorable growing
conditions. The SMAP and VIC TS moisture datasets
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depict some very minor dryness during mid-June, but
overall conditions were very good across the region.
Despite the great start to the growing season, condi-
tions began to rapidly worsen during the second half of
July, with the USDM depicting a two-category increase
in drought severity during the first 2 weeks of August.
The rapid drought onset was driven by an almost com-
plete lack of rainfall during the previous month as evi-
denced by the very large (,22) negative 4-week SPI
anomalies, compounded by elevated evaporative de-
mand due to above normal temperatures, sunny skies,
and large DPD. The rapid increase in drought severity
depicted by the USDM may have been premature be-
cause the vegetation and TC soil moisture variables in-
dicate that conditions were at worst only slightly below
normal; however, it should be noted that the USDM
used the ‘‘short-term’’ drought designation for this area
at this time. This is especially pertinent given that the
atmospheric and TC soil moisture anomalies were much
less severe or even positive across this region compared
to areas further to the east where the USDMwas slower
to depict drought intensification. The main factor that
promoted the more severe drought designation in this
region by the USDM was the larger short-term rainfall
deficits.
Further drought intensification was delayed for sev-
eral weeks due to occasional minor rainfall events and
cooler temperatures from the end of August through
the middle of September. Though the sporadic rain-
fall resulted in some modest improvements to the TS
moisture content, the TC soil moisture anomalies be-
came progressively larger during this time period. Be-
cause of the increasing subsoil moisture deficits, the
vegetation health deteriorated rapidly near the end of
September when hotter and drier conditions returned to
the area. The ESI and LAI had their largest negative
anomalies of the season during September, which in-
dicates that the vegetation response was less robust
FIG. 4.As in Fig. 3, but showing the drought evolution forRegion 2, including eastern Texas, western Louisiana, and
extreme southeastern Arkansas.
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during the second round of extreme heat and dry
weather (compared to August) because there was less
subsoil moisture for it to access. The development of
negative anomalies in both short-term and long-term
anomalies in all datasets by the beginning of October
represents the transition from short-term dryness to
long-term drought conditions in the USDM.
As drought intensified during the second half of the
growing season, its depiction both in timing and in-
tensity varied greatly in the NLDAS models. For ex-
ample, similar to areas further to the east, soil moisture
deficits developed much more slowly in the Mosaic
model, with the TS and TC soil moisture anomalies
remaining neutral to positive until the first part of
September. This progression stands in sharp contrast to
the Noah and VIC models, both of which depicted very
large (,22) anomalies in TSmoisture by the end of July
that lasted through most of August. The TC soil mois-
ture also transitioned from positive to negative anoma-
lies by the second week of August in the VIC model
followed 1–2 weeks later by the Noah model. It was
not until the second round of drought intensification in
October that the characteristics of all of the models
became similar. Even then, however, the Mosaic model
still generated smaller standardized TC soil moisture
anomalies than the other models. The large negative
4-week SPI anomalies during the first dry spell fol-
lowed by the small improvements during late summer
and then the development of large negative anomalies
in both the short- and long-term SPI during October
indicate that the Mosaic model did not realistically
represent soil moisture conditions during this drought
event.
After a second round of drought development during
September and the first part of October, conditions
rapidly improved at the end of the month in response
to a period of very heavy rainfall, with 2-week pre-
cipitation totals in excess of 25 cm across much of
the region. This rapid reversal is clearly depicted by
the 4-week SPI transitioning from strongly negative to
strongly positive during the last week of October. Even
the longer-term 12-week SPI transitioned from a
large negative anomaly (,21.5) to slightly positive in
1 week. Accordingly, the USDM drought classification
improved by four categories in only 2 weeks during this
flash recovery event, with the region becoming com-
pletely free of drought and abnormally dry conditions
by the first week of November. The heavy rainfall also
led to the rapid return of positive soil moisture anoma-
lies and subsequently to neutral to slightly positive ESI
and LAI anomalies. As occurred in Region 1, the veg-
etation response to the greatly improved soil moisture
conditions was modest, likely due to the lateness of the
growing season. The NLDAS models differed some-
what in their depiction of the recovery, with the Mosaic
model indicating abundant soil moisture whereas the
improvements were smallest in the VIC model.
3) CENTRAL AND WESTERN TEXAS
Figure 5 shows the drought evolution across central
and western Texas extending from the Great Plains in
the west to the Hill Country in the east (Region 3 in
Fig. 2). Unlike Regions 1 and 2, this region contained
moderate drought (D1) conditions at the beginning of
May. This designation in the USDM reflected the lin-
gering impacts of long-term hydrological drought be-
cause all of the vegetation and soil moisture datasets
showed good conditions at this time. A period of above
normal precipitation that commenced in April led to
the removal of drought in the USDM by the end of
May and the onset of large positive anomalies that
persisted in most datasets until the middle of July. A
notable exception to these above normal conditions is
the TS moisture anomalies from the VIC model, which
became negative during the second week of June and
then remained that way for most of the summer. Despite
having slightly below normal TS moisture anomalies,
VIC actually had the largest positive (.1.5) TC soil
moisture anomalies of the three models. Though there is
some support for the slightly negative TS moisture
anomalies based on the SMAP soil moisture retrievals,
they appear inconsistent with the large SPI anomalies
and cooler than normal temperatures across the region.
Conditions started to deteriorate during the second
half of July due to the arrival of hotter, windier, sunnier,
and drier than normal weather that persisted almost
until the end of August. These conditions led to a steady
decrease in TS moisture according to SMAP and each
of the NLDAS land surface models. Though TS mois-
ture was decreasing, the ESI suggests that the abun-
dant subsoil moisture allowed the vegetation to transpire
at a normal to slightly above normal rate for that time
of the year. The positive LAI anomalies also slowly
decayed during this time period and became slightly
negative by the beginning of September. Together, these
results indicate that although the vegetation and TC soil
moisture were still near normal due to the heavy rainfall
from earlier in the growing season, conditions were at a
tipping point and could rapidly deteriorate if less fa-
vorable conditions developed. Above-normal tempera-
tures unfortunately returned to the region near the
beginning of September, which combined with a con-
tinuation of much below normal precipitation, led
to a steady decrease in the ESI and LAI anomalies. Each
of these datasets reached their largest negative values
during October. The USDM introduced moderate
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drought (D1) during the first week of October, with
severe drought (D2) depicted 3 weeks later. The in-
creasingly negative 12-week SPI anomalies as the fall
progressed indicated that long-term drought was once
again encroaching upon the region. Though the drought
was not as severe as in the other two regions, this re-
versal was impressive considering the record rainfall and
excellent growing conditions that prevailed earlier in
the year.
Similar to Regions 1 and 2, heavy precipitation oc-
curred during the last week of October with above nor-
mal precipitation continuing through most of November.
The precipitation surplus during this time period was
not as large here as it was in the eastern regions;
however, the initial drought conditions were also less
severe. The end result was the same because the
USDM depicted a three-category improvement in only
2 weeks. The heavy rainfall during this flash recovery
period led to positive SMAP and modeled soil moisture
anomalies extending through the depth of the soil
profile. The vegetation also responded favorably to the
wetter conditions as indicated by the slightly positive
ESI. The LAI also showed some modest improve-
ments, but it was too late in the growing season for
substantial vegetation growth to occur.
4. Conclusions and discussion
This study documented the evolution of soil moisture
and vegetation conditions during a flash drought–flash
recovery sequence that occurred across the south-
central United States in 2015. Flash recovery in this
context refers to a short period of rapidly improving
conditions, whereas flash drought refers to a multiweek
period of rapid deterioration. The evolution of two
satellite-derived vegetation health metrics, including
the ESI and LAI, were compared to SMAP near-surface
soil moisture retrievals and to TS and TC soil moisture
estimates from three NLDAS models. Soil moisture
anomalies were assessed separately for the Noah,
FIG. 5. As in Fig. 3, but showing the drought evolution for Region 3, including western and central Texas.
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Mosaic, and VIC models to provide more detailed in-
sight into their performance during these extreme
events. The general progression of these datasets was
compared to the observed near-surface atmospheric
conditions over the south-central United States and for
three smaller regions within it.
Overall, a broadly similar evolution of the soil mois-
ture and vegetation conditions occurred across each
region. For example, the rapid onset of below normal
precipitation and above normal evaporative demand
during the middle of summer was accompanied by de-
creases in near-surface (SMAP) and TS (NLDAS)
moisture and increases in vegetation stress signified by
the transition to a negative ESI. As the flash drought
event continued to intensify, these initial impacts cas-
caded into below normal vegetation biomass and TC soil
moisture according to the LAI and NLDAS datasets.
The drought conditions reached their maximum in-
tensity by the middle of October and were then rapidly
eliminated at the end of the month. This sequence of
events was driven primarily by exceptionally heavy
precipitation during the spring and early summer, fol-
lowed by several months of much drier and hotter
weather conditions that promoted flash drought devel-
opment, and then the return of widespread heavy rain-
fall during the last week of October and first half of
November that led to flash recovery.
Though the analysis revealed a broadly similar pro-
gression of cascading effects in each region, specific
characteristics of the flash drought such as its onset time
and rate of intensification differed across the regions.
Flash drought developed earliest in the central and
eastern regions where the late summer rainfall deficits
and evaporative demand were largest. Despite having
similar onset times, the flash droughts evolved differ-
ently across these two regions because of differences in
the antecedent conditions and the magnitude of the
meteorological anomalies. In the eastern region, the
early summer rainfall was not as extensive as it was in
the central region, which meant that conditions deteri-
orated more quickly once the weather became hotter
and drier at the end of July. This was reflected by the
steady decrease in the LAI, 8-week ESI, and NLDAS
TC soil moisture anomalies during the second half of the
growing season. Only the TS moisture and shorter-
duration ESI anomalies showed minor improvements
during this period when the meteorological anomalies
were less extreme.
In contrast, the central region had much larger posi-
tive precipitation and TC soil moisture anomalies before
the onset of the flash drought that made it more resilient
to drought. A 4-week break in the extreme weather
conditions starting at the end of August resulted in a
temporary cessation of drought development until
drier and hotter weather returned by the middle of
September. This break, however, did not extend to the
TC soil moisture, which steadily decreased during
the second half of the growing season. This was a more
complicated evolution than occurred in the eastern
region and could be viewed either as two distinct pe-
riods of flash drought development lasting for 1 month
each or as a single flash drought that had a short pe-
riod of slower drought intensification embedded within
it. From a drought early warning and monitoring per-
spective, the results demonstrate the importance of using
multiple datasets to capture the cascading impacts of
decreasing soil moisture and deteriorating vegetation
conditions due to a sustained period of below normal
rainfall and enhanced evaporative demand. This se-
quence is consistent with a study by Otkin et al. (2018c)
that documented the evolution of a flash drought event
across the northern High Plains using various drought
monitoring datasets and postevent survey responses from
agricultural stakeholders.
Comparison of the soil moisture anomalies revealed
large differences in how each NLDAS model depicted
the evolution of the flash drought event. The largest TS
moisture anomalies occurred with the Noah and VIC
models and were most noticeable during the onset of
the flash drought across the central and eastern regions.
In contrast, the Mosaic model generally depicted the
wettest conditions in both the TS and TC datasets. This
was especially true in the central region where the TS
and TC anomalies remained neutral to slightly positive
until the first half of September whereas the other two
models depicted much drier conditions, especially in
the TS. Differences such as this are important from a
drought monitoring perspective because they impact
the estimated drought severity and which regions are
denoted as being in drought. This points toward the
need to perform more process-based studies to un-
derstand the underlying reasons for these differences.
In general, the ensemble average of the land surface
models (NMV_AVE) contained a more accurate rep-
resentation of the flash drought evolution than the in-
dividual models. This is consistent with the drought
monitoring approach advocated by Xia et al. (2014).
Future work includes conducting additional studies to
assess the accuracy of land surface models during other
flash drought events and in identifying ways to improve
their performance.
Finally, to our knowledge, this is the first time that
the term ‘‘flash recovery’’ has been used to describe
events where extreme drought conditions were rapidly
eliminated by exceptionally heavy precipitation over
a short period of time. With the recent interest in
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understanding the causes and characteristics of flash
drought events characterized by unusually rapid in-
tensification rates, it is prudent to also explore situa-
tions where drought conditions are rapidly ameliorated.
Better forecasts of flash recovery events are perhaps
equally important to improved drought intensification
forecasts because they also have a large impact on the
health and productivity of native vegetation and crops.
Results from this study and from Otkin et al. (2016)
have indicated that the vegetation response can be
delayed by several weeks after the meteorological
conditions improve because the plants either went into
dormancy during the drought or were too badly dam-
aged to fully recover over a short period of time. This
illustrates that flash recovery from a meteorological
or hydrological perspective may not translate into im-
proved forage and grain yields. Future studies are
necessary to better characterize flash recovery events
and to understand their impacts on vulnerable
stakeholders.
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